We calculated spectra of the first six members of the Mg-like isoelectronic sequence using different approximations. The most accurate results were obtained with the configuration interaction + all order method (CI+AO), which provided relative accuracy for transition energies on the level of 0.1%, or better. On this level of accuracy the Breit and QED corrections become important for the systems with nuclear charge Z 20. The retardation part of the Breit interaction and QED corrections for the partial waves with l = 0 are still too small to be important.
I. INTRODUCTION
High accuracy atomic calculations are necessary not only for atomic physics itself, but also for different applications from atomic frequency standards to tests of fundamental symmetries, search for the variation of the fundamental constants, and astrophysics. Atomic Mg and ions of the Mg isoelectronic sequence are convenient systems to test theoretical methods for atomic calculations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . With ten core and two valence electrons they require accurate treatment of the core, core-valence, and valence correlations. Relativistic and quantum electrodynamic (QED) corrections are very small for magnesium, but grow along the isoelectronic series. Therefore in the high accuracy calculations of the heavier ions we need to account for both electronic correlations and relativistic and QED corrections.
At present there are several methods to calculate spectra and other properties of the many-electron atoms. The many-body perturbation theory (MBPT) is quite effective for monovalent atoms [12, 13] . However, the orderby-order approach leads to rather slow convergence and becomes impractical above the third, or the fourth order. Because of that different variants of the all-order (AO) methods are currently used instead [14] . The coupled cluster (CC) method is the most popular all-order method, which is used by several groups [15] [16] [17] [18] [19] [20] [21] [22] [23] .
The MBPT-based approaches, including the CC method are most effective in treating core and corevalence correlations, but are less suitable for treating valence correlations, where there is no well defined small parameter. Here the non-perturbative approaches, such as configuration interaction (CI) [24] , multi-configuration Hartree-Fock (MCHF), or multi-configuration DiracHartree-Fock (MCDHF) [2, 4] are more effective. They allow accurate treatment of correlations between several valence electrons, but start to fail when the number of correlated electrons exceeds four, or five.
There are also mixed approaches where core and corevalence correlations are treated perturbatively and valence correlations are treated within CI method. The simplest method of this type includes CI and the second order MBPT (CI+MBPT) [1, 6, 25] . The more advanced variant includes CI and linerized CC (CI+AO) [9, 11] . In both cases we use either MBPT, or CC method to form an effective Hamiltonian for the valence electrons and then we use CI method to find valence energies and many-electron valence wave functions.
Relativistic effects for many-electron atoms are usually included within Dirac-Coulomb, or Dirac-Coulomb-Breit no-pair approximation. Sometimes, one-electron QED corrections (Lamb shifts) are also included using effective, or model potentials [26] [27] [28] [29] [30] .
In this paper we study relative size of different corrections to the transition energies in Mg and Mg-like ions up to Cl VI. We use CI+MBPT and CI+AO methods for Dirac-Coulomb and Dirac-Coulomb-Breit Hamiltonians [1, 11] . Lamb shift corrections are included only for the s-electrons. We find that the relative accuracy of the CI+AO method for the transition frequencies is on the order of 0.1% and remains almost constant along the sequence. At the same time, the dominant theoretical errors are different in the beginning and in the end of the sequence. While the role of the higher order correlation corrections is decreasing, the role of the relativistic and QED corrections grows.
II. THEORY AND METHOD
In this paper we use variants of the CI+MBPT and CI+AO methods, which are based on the BrillouinWigner perturbation theory. The resultant effective Hamiltonian for the valence electrons is symmetric, but energy-dependent [1, 11] . Savukov and Johnson [6] suggested an alternative approach based on the RayleighSchrödinger perturbation theory. In this case the effective Hamiltonian is non-symmetric and does not depend on the energy.
We do not use variant of Savukov and Johnson because of the well-known problem of intruder states. In our approach we do not have intruder states, but we need, in principle, to account for the energy-dependence of the effective Hamiltonian. Fortunately, if one is interested in the low-lying atomic states and forms effective Hamiltonian according to the recipe from Ref. [1] , the respective arXiv:1508.01958v1 [physics.atom-ph] 8 Aug 2015
corrections are very small. Thus, in the first approximation one can calculate MBPT diagrams at fixed energies. These energies are chosen to be the Hartree-Fock energies of the first valence orbitals with given symmetry (i.e. for Mg-like ions the energy ε 3s is used for all valence s electrons, etc.) [1] . In the next approximation one can also calculate first derivatives of all diagrams in respect to the energy. The effective Hamiltonian for a given energy is then formed by extrapolating diagrams to this energy [1, 14, 31] . Here we use this method to study respective corrections to the theoretical spectrum. We conclude, that at the present level of accuracy these corrections do not improve agreement with the experiment and can be neglected.
Our CI and CI+MBPT calculations are done with the package described in Ref. [32] . CI+AO calculations are done with the extended variant of the same package. These calculations include several steps. At first we solve linearized coupled cluster equations for the core and core-valence cluster amplitudes in the single-double (SD) approximation. Then we form one-electron and two-electron valence cluster amplitudes. On the third step we use these amplitudes to form effective valence Hamiltonian (see Ref. [11] for details). In our opinion the CI+AO method described above treats valence-valence, valence-core, and core-core correlations in a most effective manner.
Calculation details
We calculate spectrum of each ion of the isoelectronic sequence within several approximations, namely pure valence CI, CI+MBPT, and CI+AO methods. We use Dirac-Coulomb Hamiltonian in the no-pair approximation. We also do calculations with Breit and QED corrections. Finally, for the CI+MBPT and CI+AO we repeat computations with account for the energy dependence of the effective Hamiltonian. Previously this dependence has been studied for the CI+MBPT [1, 31] , but not for the CI+AO method. At the same time, the consistent treatment of the high orders requires accurate account of the energy dependence of the effective Hamiltonian [14] .
For each ion we form the finite basis set, which includes Dirac-Fock orbitals for the core and valence states and Sturmian orbitals for virtual states. Sturmian orbitals effectively account for both discrete and continuous spectrum [33] . After adding Sturmian orbitals we diagonalize Dirac-Fock operator of the core on the whole basis set (i.e. we use the V N −2 potential, where N = 12 is the total number of electrons).
This way we make 30spdf gh basis set of 300 orbitals that includes partial waves with l = 0, . . . , 5. We use the whole basis set for the MBPT and CC parts of the calculation. The configuration space for the CI part includes single (S) and double (D) excitations to all orbitals up to 21spdf g. This corresponds to the full two-electron CI on the basis set 21spdf g. As no core excitations are included in the CI space, in the pure CI calculation we neglect all core-valence and core-core correlations. In the CI+MBPT and CI+AO calculations these correlations are included in the effective Hamiltonian of the valence electrons.
QED corrections
We use semiempirical approach to account for QED corrections where we include only the Lamb shift for the s-electrons [It is known that Lamb shift for other partial waves is at least one order of magnitude smaller]. Following [30] we can parametrize Lamb shift for the hydrogenlike ion as (we use atomic units = e = m e = 1):
where n is the principle quantum number, α is the fine structure constant, and Z is the nuclear charge. This expression can be generalized for the non-diagonal matrix elements:
Function F weakly depends on αZ and on indexes n, n . This function is tabulated in Ref. [30] . Noting that
This expression can be used not only for hydrogen-like ions, but also for the valence electrons of many-electron atoms. Following Ref. [35] we can express electron density at the origin in terms of the binding energy ε ν :
In these expressions Z i is the charge of the ion (for neutral atom Z i = 0) and ν is the effective quantum number. Now we can write QED corrections as:
Binding energy ε ν for the valence electrons in the manyelectron atoms and ions corresponds to the very large quantum numbers n of the hydrogen-like ions with the same Z. Therefore, the function F (αZ) in (5) corresponds to the limit n, n −→ ∞ for the function F n,n (αZ). According to [30] this function slowly decreases with Z, but for the range 12 ≤ Z ≤ 17 we can take F (αZ) ≈ 4. Thus, we can write:
In our CI+AO calculations we add these QED corrections to the one-electron radial integrals of valence electrons.
III. RESULTS AND DISCUSSIONS
In Tables I -III we compare with the experiment the results of our CI, CI+MBPT, and CI+AO ab initio calculations of the magnesium isoelectronic sequence. Table I includes ions Mg I, Al II; Table II and Table III present results for Si III and P IV and for S V and Cl VI respectively. For the ground states we give the two-electron binding energies. These energies are equal to the sum of the first two ionization potentials. For all other states we give transition energies from the ground states. All energy values are in cm −1 . The same notations are used in all tables. To illustrate the accuracy of each of the theoretical approaches the relative differences of our results with the experiment are given in the columns designated as "Diff. with expt.".
Our main concern here is the analysis of the accuracy of the three theoretical methods and the role of different corrections. On Fig. 1 and Fig. 2 we present relative theoretical errors for different methods for the four typical ions of the sequence including lightest and heaviest ones. For the ground states we again give the errors for the two-electron binding energies. For other states the errors correspond to the transition frequencies from the ground states. The Plots in Fig. 1 demonstrate the accuracy of all three methods for the Dirac-Coulomb Hamiltonian. We see that for each method there is certain improvement along the isoelectronic sequence. For example, the average accuracy of the CI method for Mg I is about 2%, and improves to roughly 0.4% for the Cl VI. Similarly the accuracy of the CI+MBPT method improves from 0.2% for Mg I to 0.1% for Cl VI. At the same time the difference between CI+MBPT and CI+AO decreases with the ion charge Z, and almost disappears for Cl VI. This indicates smaller role of the higher order core-valence correlations for heavier ions. It is interested to note that the CI space for the triplet states was already saturated on the 15spdf g level. But in order to obtain similar accuracy for singlet states we had to increase the CI space to 21spdf g. Fig. 2 demonstrates the influence of the Breit and QED corrections. These corrections are absolutely negligible for the CI calculations and only marginally noticeable for the CI+MBPT method. Therefore, Fig. 2 presents results only for the CI+AO method. We see that for the light ions (Mg I, Al II) these corrections are negligible at the existing level of accuracy of treating electron correlations. However, for the heaviest ion (Cl VI) these corrections become essential and somewhat improve the final accuracy: an average error decreases from 0.06% to 0.04%. Note that for the ions considered here Breit and QED corrections are comparable. Breit interaction generally improves the fine structure splittings, while QED corrections decrease the overall scatter of errors. Finally, we consider the energy dependence of the effective Hamiltonian. We find out that respective corrections are comparable in size to the difference between the CI+MBPT and CI+AO methods. It agrees with the conclusion in Ref. [14] that accurate treatment of the highorder corrections requires also including corrections on the energy dependence. The average size of these corrections to the valence energies monotonously decrease from 0.06% for Mg I to 0.02% for Cl VI. In general they do not improve the agreement with the experiment. Only for the CI+MBPT calculations of Mg I some improvement (about 0.1%) take place. This may mean that corrections on the energy dependence cancel some high-order terms which are missing in our calculations. We con- clude that for the present variant of the CI+AO method, which is based on the linearized SD CC, these corrections should be neglected. They also should not be included in the CI+MBPT calculations. Note that this significantly simplifies calculations with the package [32] .
IV. CONCLUSION
In this paper we studied the accuracy of the CI+AO method [9, 11] for the isoelectronic sequence of Mg. These ions have ten electrons in the closed shells and two valence electrons and are often used as a test ground for the atomic theory. We found out that CI+AO method provides higher accuracy than the simpler and more common CI+MBPT method [1] . While the accuracy of the CI+MBPT method was on the level 0.1 -0.2%, the accuracy of the CI+AO was roughly two times higher, 0.05 -0.1%. Note that conventional valence CI is an order of magnitude less accurate.
The accuracy slightly increases along the isoelectronic sequence. For the first member of the sequence, Mg I, the final accuracy of the theory for the low-lying levels is close to 0.08% and for the last ion, Cl VI, it is about 0.04%. Breit and QED corrections start to become important on this level of accuracy for the atoms and ions with Z 20. Retardation part of the Breit interaction is known to be significantly smaller than magnetic part and can be still neglected. For QED corrections it is sufficient to account only for the s-wave contribution and use simplified semiempirical expression (6) .
We also studied corrections on the energy dependence of the effective Hamiltonian in the CI+AO method. On the one hand, we found them to be rather small. On the other hand, these corrections did not improve agreement with the experiment. We conclude that corrections on the energy dependence can be neglected for the present variant of the CI+AO method, when the all-order part corresponds to the linearized coupled cluster method in the SD approximation. This significantly simplifies calculations and makes the whole method more practical.
